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(54) Computer architecture containing processor and coprocessor 



(57) A computer system comprises a first processor 
1 and a second processor 2 for use as a coprocessor to 
the first processor 1 . The system has a main memory 3. 
The system also has a decoupling element 8 such that 
instructions are passed to the second processor 2 from 
the first processor 1 through the decoupling element 8. 
This has the effects that the second processor 2 con- 
sumes instructions derived from the first processor 1 
through the decoupling element 8, and that the second 
processor 2 receives data from and writes data to the 
memory 3. The processing of instructions by the second 



processor 2 can thus be decoupled from the operation 
of the first processor 1. 

This is particularly effective for processing of a com- 
putationally intensive task (such as a media computa- 
tion) on an architecture with a general purpose first proc- 
essor 1, using a second processor 2 adapted for the 
computationally intensive task. This can effectively be 
combined with use of a buffer memory 5 adapted to ex- 
change data particularly rapidly with the memory 3 in 
response to memory instructions, together with a further 
decoupling element 6 to decouple the buffer memory 5 
from the first processor 1 . 
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[0001] The invention relates to computer architectures involving a main processor and a coprocessor. 
DESCRIPTION OF PRIOR ART 

Patent Application No. 98309600.9. December 1 998 : and rts European equivalent European 

th Alth ° U9h USe ° f such ^processors can considerably improve the efficiency of such computation the limita 

SUMMARY OF INVENTION 

z^srsr S£ ssr ,h * - — 8 * - — — » 

pressor, ftpctf* a pa*.*** spacially adapted Id caay ouuha companion o, .JpTo compu.ata dToaW toT 

~=-~^^^ 
[0007] The only task relating to the computation that may be left to the first orocp^nr i* *«,wt™ ^ «, ^ 
element (so that it can provide instructions effectively). AdvLageous T^SS^^^^^ 
it will require no such servicing during performance of the delegated task ement may be set up so that 

45 f^?? 0nepossiblechoiceofdeco "P'inB element is a coprocessor instruction queue, wherein instructions are added 
Zpir° r ,nStrUCti ° n qUSUe ^ flrSt PrOCeSS ° r C ° nSUmed fr ° m ' he coprocessorTnruSr 

^.f T 3 . ,iVe Ch ° iCe iS 3 Sla ' e maChin6 ' Wh8rein inform ation to provide inslruc.ions is provided to the stale 
mach.ne by the f.rst processor, and instructions are provided in an ordered sequence to the second processor bv ft! 
state machine. A further alternative choice is a third processor, wherein informatksn to provide instmc^sTo ft e second 

[0010] An effective arrangement is for the system to include a coprocessor controller for controlling the activitv of 
the second processor and for synchronising the execution of the coprocessor with loads from T2 r y. 

d^ and to w S h y ich ft. T C T" etf6CtiVG " " alS ° inC ' UdeS 3 bUf,Sr mem ° r V from *** the seco "d processor loads 
data and to which the second processor stores data, wherein the buffer memory is adapted to load data from the 
memory and store data to the memory. This has significant performance benefits^ media algorithms fn pa t culaTS 
the memory ,s dynam.c random access memory, and the buffer memory is adapted to load ^Z o sX^^lo 
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the buffer memory in bursts. 

[0012] Decoupling of the first processor from the buffer memory can be achieved by use of a second decoupling 
element, wherein memory instructions relating to movement of data between the buffer memory and the memory are 
passed to the buffer memory from the first processor through this second decoupling element, such that the buffer 

5 memory consumes instructions derived from the first processor through the second decoupling element. The process- 
ing of memory instructions by the buffer memory is thus decoupled from the operation of the first processor. 
[001 3] Where such a buffer memory is used, and as the first processor is decoupled from the other system elements, 
it is desirable for there to be a synchronisation mechanism to synchronise transfer of data between the buffer memory 
and the memory with execution of instructions by the second processor. Preferably, this is adapted to block execution 

10 of instructions by the second processor on data which has not yet been loaded to the buffer memory from the memory, 
and is adapted to block execution memory instructions for storage of data from the buffer memory to the memory where 
relevant instructions have not yet been executed by the second processor. Greatest efficiency is achieved when if 
execution of instructions or memory instructions is blocked by the synchronisation mechanism, other instructions or 
memory instructions which are not blocked by the synchronisation mechanism may still be carried out. 

is [0014] in a further aspect, the invention provides a method of operating a computer system, comprising: providing 
code for execution by a first processor; extraction from the code of a task to be carried out by a second processor 
acting as coprocessor to the first processor; passing information defining the task from the first processor to a decou- 
pling element; passing instructions derived from said information from the decoupling element to the second processor 
and executing said instructions on the second processor, wherein the processing of said instructions by the second 

20 processor is decoupled from the operation ol Ihe first processor. 

BRIEF DESCRIPTION OF FIGURES 

[0015] Specific embodiments of the invention will be described further below, by way of example, with reference to 
25 the accompanying drawings, in which: 

Figure 1 shows the basic elements of a system in accordance with a first embodiment of the invention; 

Figure 2 shows the architecture of a burst buffers structure used in the system of Figure 1; 

Figure 3 shows further features of the burst buffers structure of Figure 2; 



Figure 4 shows the structure of a coprocessor controller used in the system of Figure 1 and its relationship to other 
system components; 

Figure 5 shows an example to illustrate a computational model usable on the system of Figure 1; 

Figure 6 shows a timeline for computation and I/O operations for the example of Figure 5; 

40 Figure 7 shows an annotated graph provided as output from the frontend of a toolchain useful to provide code for 

the system of Figure 1; 

Figure 8 shows a coprocessor internal configuration derived from the specifications in Figure 7; 

Figure 9 shows the performance of alternative architectures for a 5x5 image convolution using 32 bit pixels; 

Figure 10 shows the performance of the alternative architectures used to produce Figure 9 for a 5x5 image con- 
volution using 8 bit pixels; 

Figures 11 A and 11 B show alternative pipeline architectures employing further embodiments of the present inven- 
tion; 

Figure 12 shows two auxiliary processors usable as an alternative to the coprocessor instruction queue and the 
burst instruction queue in the architecture of Figure 1; and 

Figure 1 3 shows implementation of a state machine as an alternative to the coprocessor instruction queue in the 
architecture of Figure 1 . 
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DESCRIPTION OF SPECIFIC EMBODIMENTS 
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3., 2VeTzxT P i 6 ^ z ssisrrrj? ; first embodiment ° f ,he es - 

between the processor 1 and the coprocessor 2 for aZ^ so that a calculation can be partitioned 

tia«.y any general purpose P^^S^^J^^ZT" 1 The Pr ° CeSSOr 1 ma * be ess - 

o, handling w«h significant.y greater^Svenes^ Ta part o the 

essentially the whole computation is to be handled bv th« ™ calcula *'°n. In the specific system described here, 
the invention is no, limited to this specL arrangLmen, C ° Pr ° CeSS ° r 2 ' ra,her than b V tha Pressor 1 - however, 

K2 b^JT^SE^ * ^configurable FPGA, as wil , be discussed 

instead (with corresponding modiSonsS^ ^ example, ASICS and DSPs, could be employed 

2 have access to a DRAM main n^^^^^ZT' T ^ " ^ 

4, typically SRAM. Efficient access to the DRAM T^^t^^^T *° 8 C8C ? * ,aSter access memo -V 
with DRAM for the efficient loadina andstorinn T-h, f V Uff6r memory 5 ada P<ed to communicate 

instructions to the burst buffers s'are Sh^^S": bUrSt ^ Wi " be Scribed further below, 
under the control of a burst buffer contrX 7 T* e trZl^Z oU^^ ?' ^ bUfSt bUflerS 5 °? era,e 

below, in the architecture associated with the cooroS^r I > l °\' he , bUrst buffers ls mi «°"**- '<* reasons discussed 
processor instruction queue 8 and^e Z ZZo^llZ ^"T™ ! ° co P rocessor 2 are provided in a ce- 
ssation of the operation of the bursTbu'SSn^he ™n " C ° ntr0 ' °' 3 c °P rocess °' controller 9. Synchro- 
by a specific mechanism, \S^^^^,^^ Bnd ^ aSSOCialed instruclion - Sieved 
comprises the load/execute semapho e W^TZl^Z^ ^ emb ° dimen *' < he «-*-*m 
described below (other such synchronisation m£S££SSK£ *"* *" b * 

Description of Fl^mA nts in System Architecture 

TcoU^ 

itself are carried out in the coproTssor TtS^S^^STT ^ °' the S,6pS h the Ration 

for particular tasks: configuration of the ^TJoZo^^ transfer ofdS T^T ^ ' M '° nS 
5 and the main memory 3 Furthermore thrn.mh tZZ ata be,ween the burst buffer memory 

». no. ob»om« us pj<tsrsxr,rs 'rr r ' pa,em 

European Patent Application No 98309600 9 th« ™nt Q ^ I u , uecemt,er 1 998 - and its European equivalent 
to the extent permissible by^ tJ^^.^^^^ a PP llcati °ns a ' a incorporated by reference herein 
and switching structures wherebv the co^ltZ ! r If ' ^ com P r,ses a checkerboard array of 4-bit ALUs 
instruct another ALU. ^^^SS^^SX^t T T ^ ^ ° n6 4 " b " ALU can be used to 
adapted here to interact with input and l^JS^S^^^ ** calculalions . ™« * effectively 

discussed further below) receives high Sm^ LTT*"? C ° nU ° nef 9 (Wh ° Se ° peration wi " be 
rather than instructions relating to SeTSS^S^I ( "fr ! ^ C ° nUO> ° f the co P^essor 2, 

queue 8. The CHESS cwJLxl^lS^^ oMhJ " ^ thS co P rocess ^ instruction 

data through interaction wrth the burst buffers 5 Th C^ESlorL C ° n,r °" er 9 and reCeiV6S and Stores 

output stream. This can be an efficien, P r^s t^us ^Z^Z^it °" SUeamS ,0 Pr ° dUC6 ™ 

main L^V^ZZ^mt Excite SSSSf' 4 in 3 ™™<* 

been described in European P^^i^^^fT^." *" by bUrS ' bUfferS 5 Burst buffors have 
09/3,526, filed on 6 January I^S^E^f^f "1 ^r^" 9 US Patent Application Serial No. 
by law. The burs, buffer archite^ b f V 1?°™™ herein to the ^ P-missibie 

referred to these earlier applications dSSCr,bed bnefly here,n ' but forful1 details of this architecture the reader is 

[0022] The burst buffer architecture is useful, but not fundamental, to the operation of the present invention as de- 
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scribed in these embodiments. In the context of the present invention, the most significant aspect of the burst buffers 
architecture is that the burst buffers 5 operate according to instructions from the processor 1 , and that these instructions 
are provided by means of a queue (or alternative, as discussed below). This mechanism allows for the possibility of 
decoupling of the processor 1 from operation of the burst buffers 5 in an appropriate architecture. 
[0023] The elements of the version of the burst buffers architecture (variants are available, as is discussed in the 
aforementioned application) used in this embodiment are shown in Figures 2 and 3. A connection 12 for allowing the 
burst buffers components to communicate with the processor 1 is provided. Memory bus 16 provides a connection to 
the main memory 3 (not shown in Figure 2). This memory bus may be shared with cache 4, in which case memory 
datapath arbiter 58 is adapted to allow communication to and from cache 4 also. 

[0024] The overall role of burst buffers in this arrangement is to allow computations to be performed on coprocessor 
2 involving transfer of data between this coprocessor 2 and main memory 3 in a way that both maximises the efficiency 
of each system component and at the same time maximises the overall system efficiency. This is achieved by a com- 
bination of several techniques: 

burst accesses to DRAM, using the burst buffers 5 as described below; 

simultaneous execution of computation on coprocessor 2 and data transfers between main memory 3 and burst 
buffer memory 5, using a technique called "double buffering"; and 

decoupling the execution of processor 1 from the execution of coprocessor 2 and burst buffer memory 5 through 
use of the instruction queues. 

[0025] "Double buffering" is a technique known in, for example, computer graphics. In the form used here it involves 
consuming - reading - data from one part of the burst buffer memory 5, while producing - writing - other data into a 
different region of the same memory, with a switching mechanism to allow a region earlier written to now to be read 
from, and vice-versa. 

[0026] A particular benefit of burst buffers is effective utilisation of a feature of conventional DRAM construction. A 
DRAM comprises an array of memory locations in a square matrix. To access an element in the array, a row must first 
be selected (or 'opened'), followed by selection of the appropriate column. However, once a row has been selected, 
successive accesses to columns in that row may be performed by just providing the column address. The concept of 
opening a row and performing a sequence of accesses local to that row is called a "burst". When data is arranged in 
a regular way, such as in media-intensive computations (typically involving an algorithm employing a regular program 
loop which accesses long arrays without any data dependent addressing), then effective use of bursts can dramatically 
increase computational speed. Burst buffers are new memory structures adapted to access data from DRAM through 
efficient use of bursts. 

[0027] A system may contain several burst buffers. Typically, each burst buffer is allocated to a respective data 
stream. Since algorithms have a varying number of data streams, a fixed amount of SRAM 26 is available to the burst 
buffers as a burst buffer memory area, and this amount is divided up according to the number of buffers required. For 
example, if the amount of fixed SRAM is 2 Kbytes, and if an algorithm has four data streams, the memory region might 
be partitioned into four 512 Byte burst buffers. 

[0028] In architectures of this type, a burst comprises the set of addresses defined by: 



where B is the base address of the transfer, S is the stride between elements, L is the length and Mis the set of natural 
numbers. Although not explicitly defined in this equation, the burst order is defined by / incrementing from 0 to L-1. 
Thus, a burst may be defined by the 3-tuple of: 
(base_address, length, stride) 

so [0029] In software, a burst may also be defined by the element size. This implies that a burst maybe sized in bytes, 
halfwords or words. The units of stride must take this into account. A "sized-burst" is defined by a 4-tuple of the form: 
(base_address, length, stride, size) 

[0030] A "channel-burst" is a sized-burst where the size is the width of the channel to memory. The compiler is 
responsible for the mapping of software sized-bursts into channel-bursts. The channel-burst may be defined by the 
55 4-tuple: 

(base_address, length, stride, width) 

[0031] If the channel width is 32 bits (or 4 bytes), the channel-burst is always of the form: 
(base_address, length, stride, 4) 



burst = {B + S X i I B,S,i G N a 0 < i < L} 
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or abbreviated to the 3-tuple (base_address, length, stride) 

controller 56, respons.ve to instructions received through the burst instruction queue 6 Data is exchanqeS be we^ 

tSSSSSS^ h e9 ' 0nS °' ma ll f ° r bUrStin9 10 and ,r ° m ,he burst buf ^ memov^S?^^ 
ESS! ^ A , bU f b "; fer n s , a o r n ran 9ement which did not employ MATs and BATs (such as is also described in European 

MdlSrSS,S '"''Vr' l,anS " !r i,8u>d The ™*> «- °" » ■"• MAT S ana BATs, rather rhan siSghSor^d 

szT^Sr-sa r:: ,r„rr ,,v rMuces ,h - °™ n — - - — - - ^ 

E2J2.I BUrSt ' nS l rU f ,i0nS ori 9 inatin 9 from the processor 1 are provided to the burst buffers 5 by means of a burst 
nstruction queue 6. Instructions from the burst instruction queue 6 are processed by a buffer com^eLem 54 Xo 

registers 52. Information contained in these two tables is bound together at run time to describe a Lmni^ ml n 
memory-to-burst-buffer transaction. Outputs are provided from the buffer controller 54 to 5£E^^^ ( SSS 

b~ 6 s ™~2i memory datapath arbtter 58 to effect — - — »• — s aS Ti 

^and Js^^^^ USCd ,0 '° ad data ,r ° m main memor V 3 to the burst mem ory area 

S h .n^ , 1 bUtfSr mem0ry area 26 to the main memor V 3- These instructions are "loadburst" 

and storeburst". The loadburst instruction causes a burst of data words to be transferred from a de"ermLd locat on 
in the memory 3 to that one of the burst buffers. There is a,so a corresponding storeburst il^I ^ 
burst of data words to be transferred from that one of the burst buffers to the memory 3, beginning at a specific Address 

^ed^ 

[0036] The instructions loadburst and storeburst differ from normal load and store instructions in that they comolete 

he 1™ Cyc % even * ou 9 n tha tra ^ has no, occurred, .n essence, the loadburst and storebuM^Z Z 

3s i!^ > £ 16 t0 P8rf0rm the bUrSt but they d0 not wait ,or the bur *t to complete 

[0037] The fundamental operation is to issue an instruction which indexes to two table entries one in each of the 

T,h 800653 tabl6S ind6X l ° th6 m8m0ry — ,able retrieves the basT address e t^t 
2 f ? ^ lhe m6m0ry Snd ° f ,he trans,er The index to the bu «er access table retrieves the base address 
within the burst buffer memory region. In the embodiment shown, masking and offsets anp^SStoi^S^S^ 
by a context table (th IS is discussed further in European Patent Application No. 97309514 4) althoughhis possto e to 

tableland TT" T^ J** direct access (DMA) controHer 56 is passed the paramete s from the two 

tables and uses them to specify the required transfer. 

[0038] Table 1 shows a possible instruction set. 
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5 1 


Opcode 


Parameter Value 


■~ i 


10 


BBLOADBURST 


matindex (integer), 
batindex (integer), 
blockincrement (boolean) 


Load a burst of data into the burst 
buffer memory from main 
memory, and optionally 
increments the base address in 
main memory 


15 


BBSTOREBURST 


mat index (integer), 
bat index (integer), 
block_ increment (boolean) 


Store a burst of data into main 
memory from the burst buffer 
memory, and optionally 
increments the base address in 


20 






main memory 




BB LX INCREMENT 


N/A 


Increment the value of the LX 
semaphore 


25 


BBXSDECREMENT 


N/A 


Decrement the value of the XS 
semaphore 




BB_SET_MAT 


entry (integer), memaddr (integer), 
extent (integer), stride (integer) 


Sets a MAT entry to the desired 
values 


30 


BB_SET_BAT 


entry (integer), bufaddr (integer), 
extent(integer) 


Sets a BAT entry to the desired 
values 



35 

Table 1 : Instruction set for burst buffers 

[0039] The storeburst instruction (BB_STOREBURST) indexes parameters in the MAT and BAT, which define the 
40 characteristics of the requested transfer. If the blockJncrementb'W is set, the memaddr fie Id of the indexed entry in the 
MAT is automatically updated when the transfer completes (as is discussed below). 

[0040] The loadburst instruction (BB_LOADBURST) also indexes parameters in the MAT and BAT, again which define 
the characteristics of the required transfer. As before, if the blockjncrement bit is set, the memaddrf\e\d of the indexed 
entry in the MAT is automatically updated when the transfer completes. 

45 [0041] The synchronisation instructions needed are provided as Load-Execute Increment and eXecute-Store Dec- 
rement (BBJ_XJNCREMENT and BB_XS_DECREMENT). The purpose of BBJ_X_INCREMENT is to make sure that 
the execution of coprocessor 2 on a particular burst of data happens after the data needed has arrived into the burst 
buffer memory 5 following a loadburst instruction. The purpose of BB_XS_DECREMENT is to make sure thai the 
execution of a storeburst instruction follows the completion of the calculation (on the coprocessor 2) of the results that 

50 are to be stored back into main memory 3. 

[0042] In this embodiment, the specific mechanism upon which these instructions act is a set of two counters that 
track, respectively: 

the number of regions in burst buffer memory 5 ready to receive a storeburst; and 
55 the number of completed loadburst instructions. 

[0043] Requests for data by the coprocessor 2 are performed by decrementing the LX counter, whereas the availa- 
bility of data is signalled by incrementing the XS counter. These counters have to satisfy two properties: they must be 
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fhTCsS COmP ° nent 31 9iV6n timS ' *»> h - «- to suspenC the process 

Kltra^ is -T!-?" the semaphore, as describe, by Dijks tra 

New York: Academic Press, (iSSTS^S^-SSTS „ i** 0 * Pr °9 rammin 9 LWO". 
employed in embodiments of the TnveX t fshouLIo . * h Semaph °/ e ,s thus used to describe the counters 
semaphores described by D^ZSEaJ fn^ous ' ^ C ° UnterS ^ iden,iCa ' *° the 

Sa^a^ 

it. Executing a Wait () on a semaohore 2cZ ITT , ! «' executing a Signal () instruction increments 

«- . :s to exL.rz^rrre e ^zrtrr pr - ess - • — 

3. Stride fs/r/dej - the interval between successive elements in a transfer. 

memaddr: This is the 32 bit unsigned, word-aligned address of the first element of the channel burst. 
Ser^^ - - « -far. .he 

[0048] An example of values contained by a MAT slot might be- 
{Oxlfeelbad, 128, 16} 

r00491 Whi T h he re a S ut S ii n 3 * 4 *** ^ bUrSt ' W " h *** WOrd S6 P arated «* 4 word * ( 4 4 byte words) 
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1 . Buffer address (bufaddr) - the start of the buffer in the buffer area 

2. Buffer size (bufsize) - the size of the buffer area used at the last transfer 

5 [0051] The buffer address parameter bufaddr is the offset address for the first element of the channel-burst in the 
buffer area. The burst buffer area is physically mapped by hardware into a region of the processor's memory space. 
This means that the processor must use absolute addresses when accessing the burst buffer area. However, DMA 
transfers simply use the offset, so it is necessary for hardware to manage any address resolution required. Illegally 
aligned values may be automatically aligned by truncation. Reads of this register return the value used for the burst 

10 (i.e. if truncation was necessary, then the truncated value is returned). The default value is 0. 

[0052] The parameter bufsize is the size of the region within the buffer area occupied by the most recent burst. This 
register is automatically set on the completion of a burst transfer which targeted its entry. Note that the value stored is 
the burst length, since a value of 0 indicates an unused buffer entry. This register may be written, but this is only useful 
after a context switch when buffers are saved and restored. The default value is again 0. 

is [0053] Programming MAT and BAT entries is performed through the use of BB_SET_MAT and BB_SET_BAT in- 
structions. The entry parameter determines the entry in the MAT (or BAT) to which the current instruction refers. 
[0054] Further details of the burst buffer architecture and the mechanisms for its control are provided in European 
Patent Application No. 97309514.4 and the corresponding US Patent Application Serial No. 09/3,526. The details 
provided above are primarily intended to show the architectural elements of the burst buffer system, and to show the 

20 functional effecl that the burst buffer system can accomplish, together wilh the inputs and outputs that it provides. The 
burst buffer system is optimally adapted for a particular type of computational model, which is developed here into a 
computational model for the described embodiment of the present invention. This computational model is described 
further below. 

[0055] The burst instruction queue 6 has been described above. A significant aspect of the embodiment is that 
instructions are similarly provided to the coprocessor through a coprocessor instruction queue 8. The coprocessor 
instruction queue 8 operates in connection with the coprocessor controller 9, which determines how the coprocessor 
receives instructions from the processor 1 and how it exchanges data with the burst buffer system 5. 
[0056] Use of the coprocessor instruction queue 8 has the important effect that the processor 1 itself is decoupled 
from the calculation itself. During the calculation, processor resources are thus available for the execution of other 
30 tasks. The only situation which could lead to operation of processor 1 being stalled is that one of the instruction queues 
6,8 is full of instructions. This case can arise when processor 1 produces instructions for either queue at a rate faster 
than that at which instructions are consumed. Solutions to this problem are available. Effectiveness can be improved 
by requiring the processor 1 to perform a context switch and return to service these two queues after a predefined 
amount of time, or upon receipt of an interrupt triggered by the fact that the number of slots occupied in either queue 
35 has decreased to a predefined amount. Conversely, if one of the two queues becomes empty because the processor 
1 cannot keep up with the rate at which instructions are consumed, the consumer of those instructions (the coprocessor 
controller 9 or the burst buffer controller 7) will stall until new instructions are produced by the processor 1. 
[0057] Modifications can also be provided to the architecture which ensure that no further involvement from the 
processor 1 is required at all, and these will be discussed in the final part of this specification. 

[0058] The basic functions of the coprocessor controller 9 are to fetch data from the burst buffer memory 5 to the 
coprocessor 2 (and vice versa), to control the activity of the coprocessor, and to synchronise the execution of the 
coprocessor 2 with the appropriate loads from, or stores to, the burst buffer memory 5. To achieve these functions, the 
coprocessor controller may be in essence a relatively simple state machine able to generate addresses according to 
certain rules. 

[0059] Figure 4 shows the coprocessor controller 9 in its relationship to the other components of the architecture, 
and also shows its constituent elements and its connections with other elements in the overall architecture. Its exact 
function depends on the type of inputs and outputs required by the coprocessor 2 and its initialisation requirements (if 
any), and so may vary in detail from that described below. In the case of a CHESS coprocessor, these inputs and 
outputs are input and output data streams exchanged with the burst buffer memory 5. 
so [0060] Coprocessor controller 9 performs two main tasks: 

control of the communication between the coprocessor 2 and the burst buffer memory 5; and 
maintenance of a system state through the use of a control finite state machine 42. 
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[0061] The coprocessor 2 accesses data in streams, each of which is given an association with one of a number of 
control registers 41 . Addresses for these registers 41 are generated in a periodic fashion by control finite state machine 
42 with addressing logic 43, according to a sequence generated by the finite state machine 42. 
[0062] At every tick of a clock within the finite state machine 42, the finite state machine gives permission for (at 
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machine 42 and sen. to a multiplexer 44 so tSuhe 112!! C ° ntr0, t Si9na ' fe 9enerated b * •» finite state 
with the correct read/write signal A specific eaSwrhe ZnL^ ^f^' l ° the bUrSt buffer memor V 5 . to 9^her 

does not change throughout L JkSS^SS^ " W " h "* fe9iS,er 41 ' Wi,h a ^lue which 

[0063] After an address obtained for a rpnictor a 1 

to its value, generally the same T^iS^^SS^l T*** * C ° nrtant ^ is added 

5. That is, if the width of th.s connect-on is 4 bytes *en theTncr™. nt the H CO P rocessor 2 and the burst buffer memory 
comparable to "stride" in the programming of burst buZ "** * COUnt9r 41 Wl '" be 4 " This is essential 'V 

SSL -tiding of different data streams 

[0065] For this system tooperate J^Z^S^S^l^T ^ bUS thr ° U9h itS own P ort - 

end of the bus the coprocessor 2 is ready to ^TJrSZ^^T" 6nSUred ' " b neCSSSary that at the other 
sibility of the application software (and spec Sv to the rT i th T 3 Synchronous man ™ It is the respon- 
2) to ensure that: specifically, to the part of the application software that configures coprocessor 

no two streams try and access the bus a. ihe same lime: and that 

the execution of coprocessor 2 ,s synchronous with the data transfer to and from burst buffer memory 5 

bTe^X™ ^.ween the Chess array 2 and the burst 

between the coprocessor 2 and the bursTbS memo? t T^' the nUmber ° f P^ 03 ' connections 

streams for the coprocessor 2 i will a^Ls be ZZZ I 9 " '° the t0,a ' nUmber of lo 9 ical ■» 

same wire. Technological reasons r a e d ,o the S^^ZT ^h"^ ^ t0 * mUltip,eXed ° n th ° 
memory 5 ) discourage the use of more than ^coZc^ — *" »« 

2"oLT t tZ^ 

machine 42 ticking for the specified number of ^ 

its internal clock, in a way that does not affect the internal state ol S nTn , ! V V 9a,m9 (,hat is ' stoppin 9> 

ticks is specified using the CC.START.EXEC SSn. S^SST" ** C ° Pr ° CeSS ° r * ™ S nUmb9r « 
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OnrnHe 


r dX cullClCI V <UUC 






CC_CURRENT_PORT 


n (integer) 


Port # the next CC_PORT_xxx 
commands will refer to 


10 


CC_PORT_PERIOD 


(integer) 


Period of activity of a port 


CC_PORTJ>HASE_START 


star t (integer) 


Phase start of the activity of a port 




CC_PORT_PHASE_END 


end (integer) 


Phase end of the activity of a port 


15 


CC_PORT_TIME_START 


Uurt (integer) 


Start cycle of the activity of a port 




CC_PORT_TIME_END 


tend (integer) 


End cycle of the activity of a port 




CC_PORT_ADDRESS 


addr start (integer) 


Initial address for a port 


20 


CC _PORT_ INCREMENT 




Address increment for a port 




CC_PORT_ IS WRITE 


rw (boolean) 


Read/Write flag 


25 


CC_START_EXEC 


ncycies (integer) 


Start/Resume the execution of 
coprocessor 2 for a determined #'of 
cycles 




CCLXDECREMENT 


N/A 


Decrement the value of the LX 


30 






semaphore , 


CC_XS_INCREMENT 


N/A 


Increment the value of the XS 
semaphore 



Table 2: Coprocessor controller instruction set 



[0070] For the aforementioned instructions, different choices of instruction format could be made. One possible for- 
mat is a 32-bit number, in which 1 6 bits encode the opcode, and 1 6 bits encode the optional parameter value described 
40 above. 

[0071] The semantics of individual instructions are as follows: 



CC_CURRENT_PORT selects one of the ports as the recipient of all the following CC_PORT_xxx instructions, 
until the next CC„CURRENT_PORT 

• CC_PORT_PERIOD () sets the period of activation of the current port to the value of the integer parameter 

• CC_PORT_PHASE_START/CC_PORT_PHASE_END ( star t en d ) set the start/end of the activation phase of 
the current port to the value of the integer parameter ( startend ) 

• CC_PORT_TIME_START/CC_PORT_TIME_END (t start l end ) set the first/last cycle of activity of the current port 
CC_PORT_ADDRESS (addr star1 ) sets the current address of the current port to the value of the integer parameter - 

addr star1 

CC_PORT_INCREMENT (addr incr ) sets the address increment of the current port to the value of the integer pa- 
rameter addr incr 

CC_PORT_IS_WRITE (rw) sets the data transfer direction for the current port to the value of the Boolean parameter 
rw 

• CC_START_EXEC n cycles initiates the execution of coprocessor controller 2 for a number of clock cycles specified 
by the associated integer parameter n cydes ; 

• CCJ_XS_DECREMENT decrements (in a suspensive manner, as previously described) the value of the LX sem- 
aphore; 
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• CC_XSSJNCREMENT increments the value of the XS semaphore. 

s ^itssr r: sa y r r*2 " trr;^r ,he bo,si b ** ™ m °" 5 » « » e 

(reded intn° , r h^ e ,i n n itialiSati0n f ?! COprocessor 2 - il W1 " generally be most straightforward for the configuration to be 
oaded into the coprocessor itself by means specific to the actual embodiment of the device 
[0075] For the programming of the coprocessor controller 9, the steps are as follows: 

in Jri^l COP,OCe f SOr C , 0ntr0 " er 9 iS confi 9 ured accord i"9 to the total number, periods, phases and address 

ZZZ * 9,081 StrSam Pr6Sent in the Ch6SS arra * as described before An example of the pragram- 

ming of the coprocessor controller 9 to perform the desired functions is provided below. 

t The next s,e P in configuration of coprocessor controller 9 is address configuration Although it is likelv that 
the characteristics (period, phase) of every logical stream will remain the same throughout amSrtin the actua 
addresses accessed by the coprocessor controller 9 in the burst buffers memory 5 will vary U is thTs variab m 
which aliows the burs, buffers controller 7 to perform double-buffering in a straightforward manned « 

EElS???*- T T* °L thiS double - buffe " n 9. - P~vtou.hr stated, is to give the coprocessor 2 the 
impress,on that „ ,s interacting w.th continuous streams, whereas in fact buffers are being switched continuous^ 

25 [ °°!! ] . J"! bUfSt bUff6rS con,roller 7 also needs to be configured. To do this, the appropriate commands have to bo 
bur t bu« ' nStr rS n qUQUe 6 " ° rd8r 10 C ° nfi9Ure the ,rans,ers of da,a *> - d ^ ^^Try tZ^e 

^TaT ^ZZIt f ■ 6 inStrUCti ° nS < BB - SET - MAT and BB_SET.BAT) configure the appropriate entr^tthin 
he BAT and the MAT, ,n a manner cons.stent with the programming of the coprocessor controller 9 In this embodiment 

so l h °lt^ 

.h H H S t T ° f memo ^ ma PP ad listers which the processor 1 would write to and read from As in 
the present embod.ment there .s no possibility of reading from memory-mapped registers (as they are not present 
processor 1 cannot query the state of the burst buffer controller 7 - however, this is not a sigScant lim ta«on Furthe ' 
more, the use of the burst instruction queue 6 for this purpose allows the possibility of Hedeaving Suctions to 
ss ^^^J~^r C ^ " tranSferS ' *» ~ 9 ""~ tempo^ics- 
fT 71 t"!- thSSe St8PS h3Ve b8en P erformed ' the actual execution of the CHESS array can be started It is necessarv 
hi * «7 f ° n,y , t0 inS,mCt CHESS array ,0 mn ,or 3 s ' ecified number <* This is achieved b wrZ 

so Z m^SlS^T 35 8 TT 6r t0 3 CC - START -EXEC instruction in the coprocessor instruction quel 8 
so that th.s data can then be passed to the coprocessor controller 9. One clock cycle after this value has been transferred 
into coprocessor controller 9, the contro.ler starts transferring values between the burst buffer meC 6 an ^thTcHESS 
array of coprocessor 2, and enables the execution of the CHESS array ^"t*>*> 
[0078] An important step must however be added before instructions relating to the computation are placed in the 

T CU ° n r U6S t ThiS iS t0 6nSUre ,hS neC9SSary ^hronisatbn mechanismsare in place £ implement 
successfully the synchronisation and double-buffering principles. The basic element in this mechanism is thaUhe 

Z 0 «t7n^°T" er 9 H Wi " ^ 1 k deCremenl th6 V8,Ue °' ,hS LX Sema P hore and wi " sus P-d coprocesso o P erltton 
unt. it can do so, according to the logic described above. The initial value of this semaphore is 0' the coprocessor 
controller 9 and the coprocessor 2 are hence "frozen" at this stage. Only when the va.ue of the LX semaphore 's 
ncremented by the burst buffers controller 7 after a successful toadb urst instruction will the coprocessor ™ o 
start (or resume) its execution. To achieve this effect, a CC_LX_DECREMENT instruction is inserted in the coprocesso" 
instruction queue 8 before the "start coprocessor 2 execution" (CCSTART_EXEC) instruction T^lTsZZ a 
corresponding increment the LX semaphore" (BBJ.XJNCREMENT) instruction will be inserted in the burst instmction 
queue 6 after the corresponding loadburst instruction. instruction 

I™1 V? tfanSfer ° f d3ta b6,Ween CHESS '° 9iCal Streams and ,he burst buffer ^^ory 5 is carried out in 
accordance with the programming of the coprocessor controller 9 as previously described 

[0080] The number of ticks for which the counter 42 has to run depends on how long it takes to consume one or 
SecounT r tS - '! i ' ett 'I 'II 6 aPPliCa,i ° n SOftWare t0 — ,hS COrrectness of 'he system. The progZming o 

nex, "stuU " in £ S that ' ° nCe 3 bUff6r ^ b86n C ° nSUmed ' ,he eX6CU,i0n ° f lessor 2 will stop. The 
next instruction ,n the coprocessor instruction queue 8. must be a synchronisation instruction (that is a 
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CC_LX_DECREMENT), in order to ensure that the next burst of data has arrived into the burst buffers memory 5. 
Following this instruction (and. possibly, a waiting period until the data required is available), the initial address of this 
new burst of data is assigned to the data stream (with a CC_PORT_ADDRESS instruction), and execution is resumed 
via a CC_START_EXEC instruction. The procedure is similar for output streams (with the important difference that 
there will be no waiting period equivalent to that required for data to arrive from main memory 3 into burst buffers 
memory 5). 



Computational Model 

[0081] An illustration of the overall computation model will now be described, with reference to Figure 5. The illus- 
tration indicates how an algorithm can be recoded for use in this architecture, using as an example a simple vector 
addition, which can be coded in C for a conventional microprocessor as: 



int a[1024], b[1024], c[1024] ; 
for (i=0; i<1024;i++) 
a[i]=b[i)+c[ij ; 

20 

[0082] A piece of C code to run processor 1 which achieves on the architecture of Figure 1 the same functionality 
as the original vector addition loop nest is as follows: 

25 
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int a[1024], b[1024] c[1024] ; " " — 

int eo, not_eo, k; 

/♦Port 0 specification: port # # increment, xfer size, period 
phase start, phase end, start time, end time, r/w*/ 



CIQ_STREAM< 0, 4, 4, 3, 0, 
/*Port 1 specification*/ 
CIQ__STREAM( 1, 4, 4, 3, 1, 
/*Port 2 specification*/ 
CIQ_STREAM( 2, 4, 4, 3, 2, 



.1, 0, 

2, 0, 

3, 0, 

BIQ_SET__MAT(0, &b[0], BLEN*4 , 4); 
BIQ_SET_MAT<1, &c[0], BLENM, 4); 
BIQ_SET_MAT(2, &a[0], BLEN*4 , 4 ) ; 
BIQ_SETjaAT(0, 0x0000, BLEN*4) 
BIQ_SET_BAT(2, 0x02 00, BLEN*4) 
BIQ_SET_BAT(4, 0x04 00, BLEN*4) 
for( k = 0; k < MAXK; k++ ) 



3*BLEN*MAXK+3, 0 ) 
3 *BLEN*MAXK+3 , 0 ) 
3 *BLEN*MAXK+3 , 1 ) 



B IQ_SET__BAT ( 1 , 0x0100, BLEN*4); 
BIQ_SET_BAT(3, 0x0300, BLEN*4); 
BIQ_SET_BAT(5, 0x0500, BLEN*4); 



{ 



/*Even or odd iteration? 
eo = k&Oxl; 
CIQ_LXD(2); 

CIQ_SA(0, <BLEN*4*eo) ) ; 
CIQ_SA<1, ( (2*BLEN*4)+BLEN*4*eo) ) ; 
CIQ_SA(2, ( (4*BL,EN*4) +BLEN*4*eo) ) 
/♦Start Chess*/ 
CIQ_ST(3*BLEN) ; 
CIQ_XSI (1) ; 
/*BB Stuff*/ 
/*Load A*/ 
BIQ_FLB(0,eo) ; 
/♦Load B*/ 
BIQ_FLB(2,2+eo) ; 
BIQ_LXI{2) ; 
if ( k >= 1 ) 
{ 



For double buffering*/ 



} 



not_eo = (eo==0)?l:0; 

BIQ_XSD(1); 

BIQ_FSB (4 , 4+not_eo) ; 



} 

eo = MAXK & 0x1; 
not_eo « (eo==0)?l:0; 
BIQ_XSD(1) ; 
BIQ_FSB(4,4+not eo); 



50 



55 



[0083] m this arrangement, three ports are used in coprocessor controller 9: one for each input vector (b and c) and 
one for the output vector (a). The statements at lines 4, 6 and 8 are code macros to initialise these threl po^ These 

^nS^CsT " • f ° ,,OWin9 C ° mmandS ^ r6ferenCe t0 ,ine 4 ' ° ther 6Xpanded ™ C ™ ™ 

CC_CURRENT_PORT(0); 
CC_PORT_INCREMENT(4); 
CC_TRANSFER„SIZE(4); 
CC_PORT_PERIOD(3); 
. CC_PORT_PHASE_START(0); 
CC_PORT_PHASE_END(1 ); 
CC_PORT_START_TIME(0); 
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CC_PORT_END_TIME(3*BLEN*MAXK+3); 
CC_PORT_IS_WRITE(0); 

[0084] This code has the effect that port 0 will read 4 bytes of data every 3 rd tick of counter 42, and precisely at ticks 
5 0, 3, 6 ... 3*BLEN*MAXK+3, and will increment the address it reads from by 4 bytes each time. BLEN*MAXK is the 
length of the two vectors to sum (in this case, 1 024), and BLEN is the length of a single burst of data from DRAM (say, 
64 bytes). With these values, MAXK will be set to 1024/64=16. 

[0085] Lines 9 to 1 4 establish MATs and BATs for the burst buffers transfers, tying entries in these tables to addresses 
in main memory 3 and burst buffers memory 5. The command BIQ_SET_MAT(0, &b[0], BLEN*4, 4, TRUE) is a code 
10 macro that is expanded into BB_SET_MAT(0, &b[0], BLENM, 4) and ties entry 0 in the MAT to address &b[0], sets the 
burst length to be BLENM bytes (that is, BLEN integers, if an integer is 32 bits) and the stride to 4. The two lines that 
follow are similar and relate to c and a. The line BIQ_SET_BAT(0, 0x0000, BLENM) is expanded to BB_SET_BAT(0, 
0x0000, BLENM) and ties entry 0 of the BAT to address 0x0000 in the burst buffers memory 5. The two lines that follow 
are again similar. 

75 [0086] Up to this point, no computation has taken place; however, coprocessor controller 9 and burst buffers controller 
7 have been set up. The loop nest at lines 1 5 to 38 is where the actual computation takes place. This loop is repeated 
MAXK times, and each iteration operates on BLEN elements, giving a total of MAXK*BLEN elements processed. The 
loop starts with a set of instructions CIQ_xxx sent to the coprocessor instruction queue 8 to control the activity of the 
coprocessor 2 and coprocessor controller 9, followed by a set of instructions sent to the burst instruction queue 6 

20 whose purpose is to control the burst buffers controller 7 and the burst buffers memory 5. The relative order of these 
two sets is in principle unimportant, because the synchronisation between the different system elements is guaranteed 
explicitly by the semaphores. It would even be possible to have two distinct loops running after each other (provided 
that the two instruction queues were deep enough), or to have two distinct threads of control. 

[0087] The CIQ_xxx lines are code macros that simplify the writing of the source code. Their meaning is the following: 

25 

CIQ_LXD(N) inserts N CC_LXS_DECREMENT instructions in the coprocessor instruction queue 8; 
CIQ_SA(port, address) inserts a CC_CURRENT_PORT(port) and a CC_PORT_ADDRESS(address) instruction 
in the coprocessor instruction queue 8; 

CIQ_ST(cycleno) inserts a CC_EXECUTE_START(cycleno) instruction in order to let the coprocessor 2 execute 
30 for cycleno ticks of counter 42; and 

CIQ_XSI(N) inserts N CC_XSS_INCREMENT instructions in the coprocessor instruction queue 8. 

[0088] The net effect of the code shown above is to: 

35 synchronise with a corresponding loadburst on the LXS semaphore; 

start the computation on coprocessor 2 for 3*BLEN ticks of counter 42; and 
synchronise with a corresponding storeburst on the XSS semaphore. 

[0089] The BIQ_xxx lines are again code macros that simplify the writing of the source code. Their meaning is as 
40 follows: 



BIQ_FLB(mate,bate) inserts a BB_LOAD BU RST(mate, bate, TRUE) instruction into the burst instruction queue 6; 
BIQ_LXI(N) inserts N BB_LX_INCREMENT instructions in the burst instruction queue 6; 

BIQ_FSB(mate,bate) inserts a BB_STOREBURST(mate, bate, TRUE) instruction into the burst instruction queue 
45 6; and 

BIQ_XSD(N) inserts N BB_XS_DE C R E M E NT instructions in the burst instruction queue 6. 

[0090] The net effect of the code shown above is to load two bursts from main DRAM memory 3 into burst buffers 
memory 5, and then to increase the value of the LX semaphore 10 so that the coprocessor 2 can start its execution 
so as described above. In all iterations but the first one, the results of the computation of coprocessor 2 are then stored 
back into main memory 3 using a storeoursr instruction. It is not strictly necessary to wait for the second iteration to 
store the result of the computation executed in the first iteration, but this enhances the parallelism between the co- 
processor 2 and the burst buffers memory 5. 

[0091] The use of the two variables eo and not_eo is a mechanism used here to allow the double-buffering effect 
5 5 described previously. 

[0092] Lines 39 to 42 perform the last burst transfer to main memory 3 from burst buffers memory 5, compensating 
for the absence of a storeburst instruction in the first iteration of the loop body 

[0093] The resulting timeline is as shown in Figure 6. Loadbursts 601 are the first activity (as until these are completed 
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the coprocessor 2 is ; staled by the load/execute semaphore), and when these are completed the coprocessor 2 can 
beg* to execute 602. The next instruction in the burst instruction queue 6 is another teftunf eoTSSTj^H 
out as soon as the first two loads have finished. . Then, the next instruction in the burst instruction queue 6 is astoreZ, 

"?sv^rr«r s ru h s 

Sulaions TJT 8XamP ' e ind ! Cat x d 3bOVe iS f ° r 3 V6ry SimplS a ' 9 ° rithm ' il il,US,rates the basi <> P^ciples required 
ZS*1TT f m ° re COmP,eX ' ThS PSrSOn Ski " ed in ,ne art could use the a PPr°ach, principles and techniques 
arSecfure ,ha a -hitecture of Figure 1 to adapt more comp.ex algorithms for executfon by this 

Tool chain for computation 

!™! 5 L The P rin ° iples of the computation model can be exploited in straightforward fashion by hand coding - that is 
manually wrrt.ng C code to run on the CPU adapted in conventional manner to schedule the appropria^peraWon 5 
Z^telZZZTi PlaC T trUC,i0ns in the ^ and to set the syste^Zptents lT 

svnthes^ S° £ i T P ?, V ' de a " appropr,ate con «9^ation for the coprocessor in accordance with the standard 
win Mnim°° hi 2 COprocessor For a configurable or FPGA-based processor like CHESS, this tool 

wi I generally be a hardware descr ip tion language. An appropriate hardware description language to use for CHeS 

P^^asof^%T F T mP ' e ■ " JHDL c An HDL Reconfi 9 urable sterns- by Peter Be.lows'and Brad Hutching* 

7 , 5 E£ ^"P 05 """ on Field-Programmable Custom Computing Machines, April 1 998 
S??h »t Pr , h ' a " amative is for a s P ecific «°olchain to be used for this computational architecture. The elements 
of such a toolcham and its practical operation are described briefly below. 

KL ™fi° 0lChai, L h ? ,UnCti ° n ° f convertin 9 conventional sequential code to code adapted specifically for 
effective operation, and mteroperation, of the system components. The exemplary toolchain receives as input C code 
and provides as output the following: "v^^coae, 

a CHESS coprocessor configuration for execution of the computation- 
burst buffer schedule for moving data between the system memory and the burst buffer memory and 
a coprocessor controller configuration for moving data between the CHESS coprocessor and the burst buffer mem- 



[ °° 9 ! ] . I? t00 ' chain itself has two components. The first is a frontend, which takes C code as its input and provides 

oene 22 IZZTl "f*" ^ C ° mP ° nent iS 3 baCkend ' Which ,akes the dependence' graphs 

3s ™«1 V 6 ,r ° n,end ; and P roduces from ,hes * ^e CHESS configuration, the burst buffers schedule, and L 
35 coprocessor controller configuration. 1 ra 

L°?nnLI!! e main * aSk ° f „ tne frontend is to 9 enerate a 9raph which aptly describes the computation as it is to happen 
m coprocessor 2. One of the mam steps performed is value-based dependence analysis, as described in W Pugh and 

StSSETS f 5 aCt Me,h ° d f ° r Ana ' ySiS ° f Value " basad Array Data Dependences", University of Maryland I n 
4 o f t f^^ C ° mpUter StUdi6S " Dept °' Compu1er Science ' Universit V ° f Maryland. December 1993 The 

40 output generated is a description of the dataflow to be implemented in the CHESS array and a representation of aH 

the addresses that need to be loaded in as inputs (via loadburst instructions) or stored to as outputs (vfe sTrebuZ 

nstructions). and of the order in which data has to be retrieved from or stored to the main memory 3. TlS xZ £2 

upon which an efficient schedule for the burst buffers controller 7 will be derived 

[0100] If we assume, as an example, the C code for a 4-tap FIR filter: 

int i, j, src[], kernel [] , dst [] ; 
for( i = 0; i < 1000; i++ ) 
for( j = 0; j < 4; j++ ) 

dst[i] = dst[i] + src [4+i-j] *kernel [j] ; 

& as the input to the frontend, the output, provided as a text file, will have the following form: 
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loop: 0<=i<999 #loop nest description 
loop: 0<=j<4 

16 : str/0/0/20/ #store instruction 



LOD : 



10 



t*Array:d [1/0/0] at line 11 

20 : ldc/16/0/0/ tfload constant 

22 : str/0/0/26/ #store instruction, which 

LOD: 4 <= j tfwrites its outputs to main 

#Array:d [1/0/0] at line 13 #memory if 4<=j 



75 



26:add/22/27/31/ ^addition 



27 : lod/26/0/0/ #load instruction, taking its inputs 
Dep(16): [0] 10] / Range: j <= 0 #from instruction 16 if j<»0 
Dep(22): [0] [1] / Range: 1 <= j #from instruction 22 otherwise 

LID: 

#Array:d [1/0/0] at line 13 

31 :mul/26/32/37/ #multiplication 

32 :lod/31/0/0/ #load instruction 

Dep{32) : [1] [1] / Range: 1 <= i && 1 <= j 

LID: i <= 0 I I j <= 0 && 1 <= i #which takes its inputs from main 
#Array : src [1/-1/0] at line 13 flmemory if i <= 0 || j <« 0 && 1 <« i 

37 :lod/3l/0/0/ 



LID: i <= 0 #taking its inputs from main memory if 
#Array :kernel [0/1/0] at line 13 #i<«0 

[0101] This text file is a representation of an annotated graph. The graph itself is shown in Figure 7. The graph clearly 
shows the dependencies found by the frontend algorithm. Edges 81 are marked with the condition under which a 
dependence exists, and the dependence distance where applicable. The description provided contains all the infor- 
mation necessary to generate a hardware component with the required functionality 

[0102] The backend of the compilation toolchain has certain basic functions. One is to schedule and retime the 
extended dependence graph obtained from the frontend. This is necessary to obtain a fully functional CHESS config- 
uration. Scheduling involves determining a point in time for each of the nodes 82 in the extended dependence graph 
to be activated, and retiming involves, for example, the insertion of delays to ensure that edges propagate values at 
the appropriate moment. Scheduling can be performed using shifled-linear scheduling, a technique widely used in 
hardware synthesis. Retiming is a common and quite straightforward task in hardware synthesis, and merely involves 
adding an appropriate number of registers to the circuit so that different paths in the circuit meet at the appropriate 
point in time. At this point, we have a complete description of the functionality of the coprocessor 2 (here, a CHESS 
coprocessor). This description is shown in Figure 8. This description can then be passed on to the appropriate tools 
to generate the sequence of signals (commonly referred to as "bitstream") necessary to program the CHESS coproc- 
essor with this functionality. 

[01 03] Another function required of the backend is generation of the burst buffer and coprocessor controller schedule. 
Once the CHESS configuration has been obtained, it is apparent when it needs to be fed with values from main memory 
and when values can be stored back to main memory, and the burst buffer schedule can be established. Accordingly, 
a step is provided which involves splitting up the address space of ail the data that needs to be loaded into or stored 
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from the burst buffers memory 5 into fixed bursts of data that the burst buffers controller 7 is able to act upon 
[0104] For instance, in the FIR example just presented, the input array (src[]) is split into several bursts of appropriate 
sizes, such that all the address range needed for the algorithm is covered. This toolchain uses bursts of length B 
(where B len is a power of 2, and is specified as an execution parameter to the toolchain) to cover as much of the input 
address space as possible. When no more can be achieved with this burst length, the toolchain uses bursts of de- 
creasing lengths: B len /2, B, en /4, B len /8 2, 1 until every input address needed for the algorithm belongs to one and 
only one burst. 

[01 05] For each one of these bursts, the earliest point in the iteration space in which any of the data loaded is needed 
is computed. In other words, to each input burst there is associated one point in the iteration space for which it is 
guaranteed that no earlier iterations need any of the data loaded by the burst. It is easy to detect when the execution 
of the coprocessor 2 would reach that point in the iteration space. There are thus created: 

a loadburst instruction for the relevant addresses, in order to move data into burst buffer memory 5- and 

a corresponding synchronisation point ( a CC_LX_DECREMENT / BB_LX_INCREMENT pair) to guarantee that 

the execution of coprocessor 2 is synchronised with the relevant loadburst instruction. 

[0106] To achieve an efficient overlap of computation and communication, the loadburst instruction has to be issued 
in advance, in order to hide the latency associated with the transfer of data over the bus. 

[01 07] All the output address space that has to be covered by the algorithm is partitioned into output bursts, according 
to a similar logic. Again, the output space is parlilioned into bursts of variable length. 
[0108] The toolchain creates: 

a storeburst instruction for the relevant addresses; 

a corresponding synchronization point (BB_XS_DECREMENT / CC_XS_INCREMENT pair) 
[0109] At this point, we possess information relevant to: 

the relative ordering of loadburst and storeburst instructions, and their parameters of execution (addresses, etc.) 
their position relative to the computation to be performed on coprocessor 2. 

[0110] This information is then used to generate appropriate C code to organise the overall computation, as in the 
FIR example described above. 

[0111] The actual code generation phase (that is, the emission of the C code to run on processor 1 ) can be accom- 
plished using the code generation routines contained in the Omega Library of the University of Maryland, available at 
http://www.cs.umd.edu/projects/omega/ , followed by a customised script that translates the generic output of these 
routines into the form described above. 



Experimental Results - Image Convolution 
40 [0112] An image convolution algorithm is described by the following loop nest: 

f or ( i » 0 ; i < IMAGE_HEIGHT ; i ++ ) 
45 f or ( j = 0 ; j < IMAGEJtflDTH ; j + + ) 

for (k=0 ; k<KERNEL_HEIGHT; k+ + ) 



so 



for (1=0 ; 1 < KERNE L_W IDTH / 1++) 

Dest[i,j] +* Source [(i+l)-k, (j+l) -l]*C[k,l] ; 



[01 1 3] Replication has been used to enhance the source image by KERNEL_HEIGHT-1 pixels in the vertical direction 
and KERNEL_WIDTH-1 pixels in the horizontal direction in order to simplify boundary conditions. Two kernels are used 
in evaluating system performance: a 3x3 kernel and a 5x5 kernel, both performing median filtering. 
[0114] Figures 9 and 10 illustrate the performance of the architecture according to an embodiment of the invention 
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(indicated as BBC) as against a conventional processor using burst buffers (indicated as BB) and a conventional 
processor-and-cache combination (indicated as Cache). Two versions of the algorithm were implemented, one with 
32-bit pixels and one with 8-bit pixels. The same experimental measurements were taken for different image sizes, 
ranging from 8x8 to 128x128, and for different burst lengths. 

s [0115] As can be seen from the Figures, the BBC implementation showed a great performance advantage over the 
BB and the Cache implementations. The algorithm is relatively complex, and the overall performance of the system in 
both BB and Cache implementations is heavily compute-bound - the CPU simply cannot keep up because of the high 
complexity of the algorithm. Using embodiments of the invention, in which the computation is vastly more effective as 
it is carried out on the CHESS array (with its inherent parallelism), the performance is if anything lO-bound - even 

io though IO is also efficient through effective use of burst buffers. Multimedia instructions (such as MIPS MDMX) could 
improve the performance of the CPU in the BB or the Cache implementations, as they can allow for some parallel 
execution of arithmetic instructions. Nonetheless, the performance enhancement resulting is unlikely to reach the per- 
formance levels obtained using a dedicated coprocessor in this arrangement. 

15 Modifications and Variations 

[0116] The function of decoupling the processor 1 from the coprocessor 2 and the burst buffer memory 5 can be 
achieved by means other than the instruction queues 6,8. An effective alternative is to replace the two queues with 
two small processors (one for each queue) fully dedicated to issuing instructions to the burst buffers memory 5 and 
the coprocessor 2, as described in Figure 12. The burst instruction queue is replaced (with reference to the Figure 1 
embodiment) by a burst command processor 1 06, and the coprocessor instruction queue is replaced by a coprocessor 
command processor 108. Since this would be the only task carried out by these two components, there would be no 
need for them to be decoupled from the coprocessor 2 and the burst buffers 7 respectively. Each of the command 
processors 106, 108 could operate by issuing a command to the coprocessor or burst buffers (as appropriate), and 
25 then do nothing until that command has completed its execution, then issue another command, and so on. This would 
complicate the design, but would free the main processor 1 from its remaining trivial task of issuing instructions into 
the queues. The only work to be carried out by processor 1 would then be the initial setting up of these two processors, 
which would be done just before the beginning of the computation. During the computation, the processor 1 would thus 
be completely decoupled from the execution of the coprocessor 2 and the burst buffers memory 5. 
30 [0117] Two conventional, but smaller, microprocessors (or, alternatively, only one processor running two independent 
threads of control) could be used, each one of them running the relevant part of the appropriate code (loop nest). 
Alternatively, two general state machines could be synthesised whose external behaviour would reflect the execution 
of the relevant part of the code (that is, they would provide the same sequence of instructions). The hardware complexity 
and cost of such state machines would be significantly smaller than that of the equivalent dedicated processors. Such 
35 state machines would be programmed by the main processor 1 in a way similar to that described above. The main 
difference would be that the repetition of events would be encoded as well: this is necessary for processor 1 to be able 
to encode the behaviour of one algorithm in a few (if complex) instructions. In order to obtain the repetition of an event 
x times, the processor 1 would not have to insert x instructions in a queue, but would have to encode this repetition 
parameter in the instruction definition. 
*o [0118] As indicated above, a particularly effective mechanism is for finite state machines (FSMs) to be used instead 
of queues to decouple the execution of the main processor 1 from the execution of coprocessor 2 and the burst buffers 
controller 7. This mechanism will now be discussed in further detail. 

[0119] In the architecture illustrated in Figure 1 , instructions to drive the execution of different I/O streams can be 
mixed with instructions for execution of coprocessor 2. This is possible because the mutual relationships between 
system components is known at compile time, and therefore instructions to the different system components can be 
interleaved in the source code in the correct order. 
[0120] Two state machines can be built to issue these instructions for execution in much the same way. One such 
state machine would control the behaviour of the coprocessor 2, issuing CC_xxx_xxx instructions as required, and the 
other would control the behaviour of burst buffers controller 7, issuing BB_xxx_xxx instructions as required. 
50 [0121] Such state machines could be implemented in a number of different ways. One alternative is indicated in 
Figure 1 3. With reference to the vector addition example presented above, this state machine 150 (for the coprocessor 
2, though the equivalent machine for the burst buffers controller 7 is directly analogous) implements a sequence of 
instructions built from the pattern: 

55 CC_LX_DECREMENT, 
CC_LX_DECREMENT, 
CC_START_EXEC, 
CC_XS_INCREMENT. 
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[0122] The mam state machine 1 50 is effectively broken up into simpler state machines 1 51 , 1 52, 1 53 each of which 
controls the execution of one kind of instruction. A period and a phase (note, this has no relationship 'to periods and 
phases which can be associated with I/O streams communicating between the coprocessor 2 and the burst buffers 
controller 7) is assigned to each of the simpler state machines. The hardware of state machine 150 will typically contain 
m,o, r f V * S ' mpler S,atS machines in a number sufficient to satisfy the requirements of intended applications 
[0123] An event counter 154 is defined. The role of the event counter 154 is to allow instructions (in this case for 
coprocessor 2) to be sent out in sequence. Each time the event counter 154 is incremented, if there exists a value M 
Tol J*! P u eriod i +Phase i= valu e °f Event Counter, the state machine i (i.e. one of the simpler state machines 151 
152 153) is chosen for execution through comparison logic 155, and its instruction is executed. It is the responsibility 
o the application software to ensure that no two distinct state machines can satisfy this equation. When the execution 
of that instruction is completed, the event counter 154 is incremented again. This sequence of events can be summa- 

riSGQ 3S. 

1: Increment event counter: EC++ 

2: Choose state machine i for execution if there exists an M such that M'Periodj+PhasepEC 
3: If such a state machine i has been found, execute the instruction described by state machine i (this could include 
a suspension operation) 
4: Go back to 1 

*> [01 24] A few extra parameters relevant to the execution of an instruction (addresses to read from/write to lenglh of 
execution for a CC_START„EXEC, etc.) will have to be encoded in the state machine 1 50. It should also be noted that 
more than one state machine can issue a given instruction, typically with different parameters. 

[0125] This system works particularly well to generate periodic behaviour. However, if an event has to happen only 
once, it can readily be encoded in a simple state machine with infinite period and finite phase, the only consequence 
2 * . being that this simple state machine will be used only the once. 

[0126] This approach can itself be varied. For example, to add flexibility to the mechanism, a possible option is to 
add start time' and 'end time' parameters to the simple state machines, in order to limit the execution of one or more 
simple state machines to a predetermined 'time window'. 

[0127] The programming of these state machines would happen during the initialisation of the system, for example 
through the use of memory-mapped registers assigned by the processor 1 . An alternative would be the loading of all 
the parameters necessary to program these state machines from a predefined region of main memory 3, perhaps 
through the use of a dedicated channel and a Direct Memory Access (DMA) mechanism. 

[0128] The other alternative mechanism suggested, of using two dedicated microprocessors, would require no sig- 
nificant modrfication to the programming model for the architecture of Figure 1 : the same techniques used to program 
mam processor 1 could be used, with an additional step of splitting commands intended for the coprocessor 2 from 
those intended for burst buffers controller 7. Although feasible, this arrangement may be disadvantageous with respect 
to the state machine approach. It would be necessary for these processors to be provided with access to main memory 
3 or other DRAM, adding to the complexity of the system. The cost and complexity of the system would also be increased 
by adding (and underutilising, in that they are only present to perform very simple computations) two microprocessors 
40 in this way. K 

[0129] Various developments beyond the architecture of Figure 1 and its alternatives can also be made without 
departing from the essential principles of the invention. Three such areas of development will be described below 
pipelines, data dependent conditionals/unknown execution times, and non-affine accesses to memory 
[0130] Pipeline architectures have value where applications require more than one transformation to be carried out 
on their input data streams: for instance, a convolution may be followed immediately by a correlation In order to ac- 
commodate this kind of arrangement, changes to both the architecture and the computational model will be required 
Architecturally, successive buffered CHESS arrays could be provided, or a larger partitioned CHESS array or a CHESS 
array reconfigured between computational stages. Figures 11 A and 11 B show different pipeline architectures effective 
to handle such applications and involving plural CHESS arrays. Figure 11 A shows an arrangement with a staggered 
CHESS/burst buffer pipeline instructed from a processor 1 43 and exchanging data with a main memory 1 44, where a 
CHESS array 141 receives data from a first set of burst buffers 142 and passes it to a second set of burst buffers 1 45 
this second set of burst buffers 145 interacting with a further CHESS array 146 (potentially this pipeline could be 
continued with further sets of CHESS arrays and burst buffers). Synchronisation becomes more complex, and involves 
communication between adjacent CHESS arrays and between adjacent sets of burst buffers, but the same general 
principles can be followed to allow efficient use of burst buffers, and efficient synchronisation between CHESS arrays- 
semaphores could be used to guarantee the correctness of the computation carried out by successive staqes of the 
pipeline. 3 

[0131] Figure 11 B shows a different type of computational pipeline, with an SRAM cache 155 between two CHESS 
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arrays 151, 156, with loads provided to a first set of burst buffers 152 and stores provided by a second set of burst 
buffers 157. The role of the processor 153 and of the main memory 154 is essentially unchanged from other embodi- 
ments. Synchronisation may be less difficult in this arrangement, although the arrangement may also exploit parallelism 
less effectively. 

5 [01 32] One constraint on efficient use of the coprocessor in an architecture as described above is that the execution 
time of the coprocessor implementation should be known (to allow efficient scheduling). This is achievable for many 
media-processing loops. However, if execution times are unknown at compile time, then the scheduling requirements 
in the tooichain need to be relaxed, and appropriate allowances need to be made in the synchronisation and commu- 
nication protocols between the processor, the coprocessor and the burst buffers. The coprocessor controller also will 
10 need specific configuration for this circumstance. 

[0133] Another extension is to allow non-affine references to burst buffers memory. In the burst buffers model used 
above, all access is of the type Al+F, where A is a constant matrix, I is the iteration vector and F is a constant vector. 
Use of this limited access model allows the coprocessor controller and the processor to know in advance what data 
will be needed at any given moment in time, allowing efficient creation of logical streams. The significance of this to 
the architecture as a whole is such that it is unclear how non-affine access could be provided in a completely arbitrary 
way (the synchronisation mechanisms would appear to break down), but it would be possible to use non-affine array 
accesses to reference lookup tables This could be done by loading lookup tables into burst buffers, and then allow 
the coprocessor to generate a burst bullcr address relative to the start of the lookup table for subsequent access. It 
would be necessary to ensure that such addresses could be generated sufficiently far in advance to the time that they 
will be used (possibly this could be achieved by a relinemenl to the synchronisation mechanism) and to modify the 
logical stream mechanism to support tins type of recursive reference. 
[01 34] Many variations and extensions to the architecture of Figure 1 can thus be carried out without deviating from 
the invention as claimed. 

25 

Claime 

1. A computer system, comprising: 
30 a first processor; 

a second processor for use as a coprocessor to the first processor; 
a memory; and 

a decoupling element; v 
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wherein instructions are passed to the second processor from the first processor through the decoupling element, 
such that the second processor consumes instructions derived from the first processor through the decoupling 
40 element, and wherein the second processor receives data from and writes data to the memory whereby the 

processing of instructions by the second processor is decoupled from the operation of the first processor. 

2. A computer system as claimed in claim 1, wherein the decoupling element is a coprocessor instruction queue, 
wherein instructions are added to the coprocessor instruction queue by the first processor and consumed from the 

4 & coprocessor instruction queue by the coprocessor. 

3. A computer system as claimed in claim 1 , wherein the decoupling element is a state machine, wherein information 
to provide instructions to the second processor is provided to the slate machine by the first processor, and instruc- 
tions are provided in an ordered sequence to the second processor by the state machine. 



so 



55 



4. A computer system as claimed in claim 1 , wherein the decoupling element is a third processor, wherein information 
to provide instructions to the second processor is provided to the third processor by the first processor, and in- 
structions are provided in an ordered sequence to the second processor by the third processor. 

5. A computer system as claimed in any preceding claim, further comprising a coprocessor controller for controlling 
the activity of the second processor and for synchronising the execution of the coprocessor with loads from memory. 

6. A computer system as claimed in any preceding claim, wherein the second processor is configurable. 
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U ' £Sto r 2S£ ° laimed " C ! aim 11 ' Wh6rein th6 S6C ° nd deCOU P' in 9 element is a f -"h processor, wherein 

16 ' ^ZuctbnTn v r S C ' aim H d ^ C ' aim 15 ' Wh6r6in th8 s y nchrani ^i°n mechanism is adapted to block execution 
of instructions by the second processor on data which has not yet been loaded to the buffer memo™ fr™ *2 
memory, and is adapted to block execution memory instructions for «toia fl .^^t^3m^?S he 
memory where relevant instructions have not yet been executed by the second processor V 

17 ' rsbned 3 nv y thl emaS K Claimed in C ' aim 16 ' ada > tedsuch that ^en execution of instructions ormemory instructions 

18 ' a^rpCdrr 35 C ' aimed " PrSVi0US C,3im ' Wher6in the fifSt P r ° Cessor is the ce "tra. Passing unit of 
19. A method of operating a computer system, comprising: 
providing code for execution by a first processor; 

proc a e C s?o n r; ,r ° m ^ °°* * * * * "* * " 00nd pr ° CeSS ° r aCtin 9 as -P-cessor to the first 

passing information defining the task from the first processor to a decoupling element; 
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passing instructions derived from said information from the decoupling element to the second processor and 
executing said instructions on the second processor, wherein the processing of said instructions by the second 
processor is decoupled from the operation of the first processor. 
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